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Lions are one of the world’s most iconic megafauna, yet little is
known about their temporal and spatial demographic history and
population differentiation. We analyzed a genomic dataset of 20
specimens: two ca. 30,000-y-old cave lions (Panthera leo spelaea),
12 historic lions (Panthera leo leo/Panthera leo melanochaita) that
lived between the 15th and 20th centuries outside the current
geographic distribution of lions, and 6 present-day lions from
Africa and India. We found that cave and modern lions shared
an ancestor ca. 500,000 y ago and that the 2 lineages likely did
not hybridize following their divergence. Within modern lions, we
found 2 main lineages that diverged ca. 70,000 y ago, with clear
evidence of subsequent gene flow. Our data also reveal a nearly
complete absence of genetic diversity within Indian lions, proba-
bly due to well-documented extremely low effective population
sizes in the recent past. Our results contribute toward the under-
standing of the evolutionary history of lions and complement con-
servation efforts to protect the diversity of this vulnerable species.
lion | genomics | evolution
Until recently, the lion (Panthera leo), was one of the mostwidely distributed terrestrial mammals. As an apex preda-
tor, lions have important ecological impacts and have featured
prominently in human iconography (1). During the Pleistocene,
lions ranged over an enormous geographic expanse. This in-
cluded modern lions (Panthera leo leo) in Eurasia, the cave lion
(Panthera leo spelaea) in Eurasia, Alaska, and Yukon, as well as
the American lion (Panthera leo atrox) in North America. At
present, their range is mostly restricted to Sub-Saharan Africa,
along with one small, isolated population of Asiatic lions in the
Kathiawar Peninsula of Gujarat State in India. The global de-
cline of lion populations started with the extinction of the cave
and American lions in the Late Pleistocene, ca. 14,000 y ago (2).
More recently, modern lion populations have disappeared from
southwestern Eurasia (19th and 20th century) and North Africa
(20th century) (Fig. 1A), likely as a result of anthropogenic
factors (3, 4). In the last 150 y, this decline has resulted in the
extinction in the wild of the Barbary lion in North Africa, the
Cape lion in South Africa, lion populations in the Middle East,
and has led to increased fragmentation and decline of all of the
remaining populations.
Although the global genetic structure of lions, including the
relationship between the extant and extinct lineages, has been
explored in previous studies, these inferences were based on
mitochondrial DNA (mtDNA) data (5–8), or a limited number
of mitochondrial and autosomal markers (9, 10). Here, we ex-
pand on these prior findings with whole-genome resequencing
data from a set of modern, historic, and Pleistocene lions, in-
cluding representatives from both their current and former dis-
tributions. Particularly, we aimed to answer: 1) What phylogenetic
relationships are found among modern and cave lions? 2) Is there
Author contributions: M.d.M., R.B., N.Y., S.J.O., T.M.-B., and M.T.P.G. designed research;
M.d.M., R.B., M.S.-V., N.Y., M.-H.S.S., S.S.T.M., C.C., Shanlin Liu, C.G., J.Z., G.Z., E.E., K.-P.K.,
W.E.J., G.L., H.Y., S.J.O., G.Z., T.M.-B., and M.T.P.G. performed research; C.G., J.Z., G.B.,
T.S.-P., H.Y., S.J.O., A.J.H., and G.Z. contributed new reagents/analytic tools; M.d.M., R.B.,
M.S.-V., N.Y., F.G.V., M.L.Z.M., Shiping Liu, M.D.M., E.E., A.A., S.G., S.J.O., and M.T.P.G.
analyzed data; M.d.M., R.B., N.Y., S.J.O., T.M.-B., and M.T.P.G. wrote the paper; and G.B.
contributed samples.
Reviewers: J.M.G., University of Montana; and C.V., Fondazione Edmund Mach.
The authors declare no competing interest.
This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
Data deposition: The sequencing data for all resequenced specimens is available from the
Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) as BioProject
PRJNA611920. The lion reference genome against which this data was mapped (BioProject
PRJNA615082) is available from NCBI GenBank as accession no. JAAVKH000000000. The
accession numbers for all the data are listed in SI Appendix, Table S1.
1M.d.M. and R.B. contributed equally to this work.
2To whom correspondence may be addressed. Email: lgdchief@gmail.com, tomas.
marques@upf.edu, tgilbert@sund.ku.dk, or nobuyuki.yamaguchi@umt.edu.my.
This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1919423117/-/DCSupplemental.
First published May 4, 2020.
www.pnas.org/cgi/doi/10.1073/pnas.1919423117 PNAS | May 19, 2020 | vol. 117 | no. 20 | 10927–10934
G
EN
ET
IC
S
D
ow
nl
oa
de
d 
by
 g
ue
st
 o
n 
Au
gu
st
 1
8,
 2
02
0 
any modern lion population genetically closer to the extinct cave
lion? 3) When did the different modern lion lineages start to di-
verge? And 4) how does their past genetic diversity compare to
that found today?
Results and Discussion
Lion Dataset and Genome-Wide Phylogeny. We generated whole-
genome sequences from 20 ancient and modern individuals.
These included 2 cave lion specimens from Siberia and Yukon
that have both been radiocarbon dated to ca. 30,000 14C years
before present, which were sequenced to an average depth of
coverage of 5.3-fold and 0.6-fold, respectively (SI Appendix,
Table S1). Our modern lions are represented by 12 historical
Panthera leo samples that were collected between the 15th cen-
tury and 1959, whose genome coverages range from 0.16-fold to
16.2-fold (SI Appendix, Table S1). The geographic distribution of
these samples broadly covers the historical range of modern
lions, including regions where they are currently extinct (North
Africa, the Cape Province of South Africa, and Western Asia)
(Fig. 1A). We completed our dataset with 6 wild-born present-
day samples from Eastern and Southern Africa (n = 4) and India
(n = 2), as well as 2 previously published whole-genome se-
quences of Sub-Saharan African lions collected from a zoo (11).
To obtain an overview of the relationships among samples
with special references to previous results, we built a phyloge-
netic tree based on the genome-wide pairwise divergences be-
tween individuals (Fig. 1B). In concordance with previous
analyses based on mtDNA (5–8), cave lions were monophyletic
and a clear outgroup to all modern lions. Within modern lions,
we detected two lineages consisting of 1) a northern lineage
comprised by Asiatic, North African, and West African lions and
2) a southern lineage comprised by Central, East, and South
African lions (Fig. 1B). This partition within modern lions is
largely consistent with patterns detected using mtDNA (12–14)
and combined mtDNA/autosomal markers (9, 10). However, our
genome-wide dataset revealed some important differences and
details. First, mtDNA data have consistently clustered Central
African lions with the northern group (a pattern that is maintained
in our mtDNA phylogeny, SI Appendix, Fig. S1). In contrast, our
analyses of whole genome sequencing (WGS) data grouped
Central African lions with populations of the southern lineage
(Fig. 1B). In addition, an analysis of local genealogies across the
genome also supported this topology (SI Appendix, Fig. S19), as
well as the phylogenetic signal in regions of low recombination (SI
Appendix, Fig. S21), loci that are particularly useful to generate
phylogenies in highly admixed lineages, such as cat species (15).
Similarly, mitochondrial data from this study (SI Appendix,
Fig. S1) and previous studies (12, 14) suggested that extinct
North African lions shared a more recent common ancestor with
Asiatic, rather than West African lions, which is incongruent
with genome-wide data strongly linking North African lions with
West African lions (Fig. 1B). Such inconsistencies between
mtDNA and nuclear DNA datasets are not unusual in the
Felidae (9, 16), and may reflect the stochastic sorting of a single
nonrecombining marker such as mtDNA, and/or a pattern of sex-
biased population connectivity.
Divergence between Cave and Modern Lions.We next leveraged on
the power of whole-genome data to estimate when the major lion
clades diverged from each other. Previous studies based on
partial fragments of the mitochondrial genome have estimated
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Fig. 1. (A) Map indicating approximate sites of origin for the lion samples. Individuals with country of origin are placed in the centroid coordinates. Random
jitter is applied to help visualize samples sharing an origin. The dashed line and light-gray shading indicate the approximate historical distribution of modern
lions, while dark-gray areas show their present-day distribution. (B) Neighbor-joining tree from pairwise genetic divergence of lion genome sequences rooted
with leopard. Ancient and historical samples are highlighted with an asterisk. Support values from 100 bootstrap replicates are given inside each node.
Significance
Lions were once the most globally widespread mammal spe-
cies, with distinct populations in Africa, Eurasia, and America.
We generated a genomic dataset that included 2 extinct
Pleistocene cave lions, 12 lions from historically extinct pop-
ulations in Africa and the Middle East, and 6 modern lions from
Africa and India. Our analyses show the Pleistocene cave lion as
maximally distinct with no evidence of hybridization with
other lion groups based on the level of population structure
and admixture. We also confirm long-term divisions between
other extant lion populations and assess genetic diversity
within individual samples. Our work provides views on the
complex nature of the global lion species-complex and its
evolution and provides conservation data for modern lion
regional populations.
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that cave and modern lions diverged ca. 500,000 y ago, using the
appearance in the fossil record of the ancestral cave lion Pan-
thera fossilis (5, 6). More recently, the divergence time was es-
timated to be 1.89 million years ago using full mitochondrial
sequences and multiple fossil constraints (8). To investigate
these discrepancies among estimates, and to fully resolve the
position of cave lions in the phylogeny, we applied three in-
dependent methods that leverage the power of whole-genome
sequences and do not rely on fossil record calibrations to esti-
mate the divergence time between cave and modern lions.
First, we investigated the split time between the ancestral
populations by estimating the probability F (Aderived|Bheterozygous)
(17) of an individual A (such as the Siberian or Yukon cave lion)
carrying a derived allele discovered as a heterozygote in a
modern lion individual B. This summary statistic was then used
to estimate the divergence time of the cave lion lineage given a
model of population history in modern lions inferred using the
pairwise sequential Markovian coalescent (PSMC) (18). We es-
timated that F(Cave lion|Modern lion) averaged at ∼0.15
(Fig. 2A), meaning that cave lions carry the derived allele in
∼15% of the heterozygous sites detected in modern lions (14.7 to
16.4%; SI Appendix, Table S2). From a simulation of the
expected distribution pattern of F(Cave lion|Modern lion), given
the population history of modern lions, a mutation rate (μ) of
4.5 × 10−9 per generation (11), and a generation time of 5 y (19),
we estimated that both lineages diverged ca. 470,000 y ago
(Fig. 2A; 392,000 to 529,000 y ago, SI Appendix, Table S3).
We further explored the divergence time between cave and
modern lions by exploiting the fact that the Siberian cave lion
was a male (SI Appendix, Table S5). Male X chromosomes can
be used to construct synthetic pseudodiploid genomes and esti-
mate rates of coalescence between their ancestral populations.
Since the effective population size (Ne) is inversely correlated
with the amount of coalescing events occurring at a particular
point in time, the Ne inferred from a pseudodiploid chromosome
of two diverged populations should suddenly increase around the
time of their divergence, as no coalescent events can happen
after this estimated time assuming reproductive isolation oc-
curred after the split. Indeed, we inferred from the PSMC of
cave and each modern lion combined X chromosomes that there
was a sharp increase in Ne to an unmeasurably large size ca.
495,000 y ago (Fig. 2B; 460,000 to 578,000 y ago, SI Appendix,
Table S6). However, we caution that there may be added un-
certainty around this estimate due to the low depth of coverage
in the X-chromosome of the Siberian cave lion (1.96-fold, SI
Appendix, Table S5).
We also assessed estimates of sequence divergence (dxy),
which should be directly related to the split time (T) and the Ne
of the common ancestor (Neanc) (dxy = 2Tμ + 4Nanc μ). We
found that the mismatch rate between the Siberian cave lion and
modern lions using only transversions was an average dxy =
0.00067 (SI Appendix, Fig. S6). Assuming that μ = 4.5 × 10−9 per
generation (11), a transition/transversion ratio of 1.9 (SI section
4), a branch shortening in the Siberian cave lion of 6,000 gen-
erations (SI Appendix, Table S1) and Neanc of 55,000 individuals
(Fig. 3A), we obtained a split time of ca. 108,000 generations
[540,000 y assuming a generation time of 5 y (19)]. Given the
general congruence among our estimates, we conclude that the
A
B
C
Fig. 2. (A) The probability F (A|B) of observing a derived allele in population A (Siberian cave lion) at a heterozygous site in population B (South African
modern lion) is obtained by simulating the history of population B as inferred using the PSMC method. The vertical dotted lines indicate the split time range
that encompasses the confidence interval of the observed F (A|B). (B) Population size history inferred using the PSMC method in pseudodiploid male X
chromosomes of the Siberian cave lions and all other male modern lions with sufficient depth of coverage, assuming a male mutation bias of 1.4. × axis is in
logarithmic scale. (C) All possible D-statistics tests with the population history {[(X:modern lion 1, Y:modern lion 2), Siberian cave lion], Clouded leopard}. Color
of the cells above the diagonal represents the Z score of the test, with the values shown below the diagonal. Cells with |Z| > 3.3 are colored in gray (P ∼ 0.001).
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most likely split time between cave and modern lions is ca.
500,000 y ago. This estimate is also remarkably consistent with
the early Middle Pleistocene appearance of P. fossilis in the
European fossil record (5).
Gene Flow between Cave and Modern Lions. We next explored for
evidence of gene flow between the cave and modern lions, which
may have had a possible contact zone in southwestern Eurasia
during the Pleistocene (20). To formally test relative relatedness
of extant modern lion populations with cave lions, we employed
the D-statistic (17, 21). Under the null hypothesis (D = 0, no
gene flow between populations), all modern lions should be
symmetrically related to cave lions under the following pop-
ulation history: {[(modern lion 1, modern lion 2), cave lion],
clouded leopard}. We computed all possible combinations of
this history, iterating over all modern lions and the two cave lion
individuals. We found that the majority of tests involving the
Siberian cave lion supported the null hypothesis (although only a
few of these tests are marginally significant |Z| > 3.3, Fig. 2C),
suggesting little or no gene flow between any extant modern lion
lineage and Siberian cave lions. This is concordant with our es-
timates of F (A|B) and dxy, which produced similar values across
modern lion populations (SI Appendix, Table S3 and Fig. S6).
In contrast, estimated D-statistics with the Yukon cave lion
suggested that it shared more alleles with South African modern
lions than with other modern lion populations (SI Appendix, Fig.
S7B). This result was unexpected given the results of the Siberian
cave lion tests and the large geographic distance between South
Africa and far northwestern North America. Nonetheless, we
note that the current location of populations does not necessarily
represent ancestral distribution patterns of lions hundreds to
thousands of generations ago. Alternative complex scenarios not
involving gene flow could also accommodate this observation (SI
Appendix, section 9). We were, however, able to reproduce this
result when we used a subset of the data so that the Siberian cave
lion had a similar depth of coverage as the Yukon individual (SI
Appendix, Fig. S7D). Thus, we believe the results are likely an
artifact derived from the combination of: 1) the low depth of
coverage in the Yukon cave lion (0.6-fold, SI Appendix, Table
S1), and/or 2) a bias in the calling of single nucleotide poly-
morphisms (SNPs) driven by the southern Africa descent of the
reference individual (22, 23) (SI Appendix, section 9). We
therefore conclude that there is no robust evidence for gene flow
between the cave lion populations represented by our two sam-
ples and any of the modern lion lineages tested.
This observation is in stark contrast with the mounting evi-
dence of interspecific hybridization in big cats (15, 24, 25). Al-
though we cannot exclude the possibility of gene flow between
the ancestors of all modern lions and cave lions, we hypothesize
that the lack of admixture could have a plausible biological basis.
For instance, cave lions and modern lions may never have been
sympatric. Also, even if they had been, they might have been
behaviorally or ecologically incompatible. For example, it has
been suggested that male cave lions did not have the charac-
teristic mane of male modern lions (1). Perhaps the possible lack
of this notable secondary sexual character in male cave lions
induced or strengthened behavioral (sexual) reproductive iso-
lation between these forms. Other behavioral and ecological
differences may have existed between the two lineages, including
group-living and pride composition, which could also have
played a role in reproductive isolation. For example, analyses of
mtDNA from American and cave lions were consistent with a
degree of reproductive isolation (6), suggesting that some form
of competition may have also existed between these sister taxa.
Population History of Modern Lions. We also examined the pop-
ulation history of modern lions by performing principal compo-
nent and population clustering analyses (SI Appendix, section 6).
Results from both analyses highlight the distinctiveness of the
northern and southern lineages (SI Appendix, Figs. S4 and S5), as
well as the geographic population subdivision observed in our
genome-wide phylogeny (Fig. 1B). To estimate the divergence
date between modern lion populations, we performed identical
analyses to those applied in our cave vs. modern lion split time
estimation (F (A|B) and PSMC in pseudodiploid male X chro-
mosomes). The deepest divergence within modern lions was
between the northern and southern lineages (Fig. 1B), which
shared an ancestor ca. 70,000 y ago (52,000 to 98,000 y ago; SI
Root
Cave lion
South AfricaEast AfricaNorth Africa
Central AfricaWest AfricaAsia
95126
117
0
2311
52
25
11
89%11% 23%
77%
19%81%
A B
Fig. 3. (A) Population history of the northern (green) and southern (brown) modern lion lineages as inferred by the PSMC. The population history curve of
the pseudodiploid chromosome X of the two individuals is shown in black, and the Ne was scaled by 0.75 to match the Ne in the autosomes. (B) Model of the
phylogenetic relationships among lions augmented with admixture events. Branch lengths are given in drift units per 1,000. Discontinuous lines show ad-
mixture events between lineages, with percentages representing admixture proportions.
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Appendix, Table S3 and Fig. S9). This date is consistent with
previous estimates based on mtDNA sequence variation (5, 14),
although slightly younger than prior estimates based on autoso-
mal markers (9). Interestingly, through a PSMC analysis of the
individuals from the northern and southern groups, we inferred a
sudden decline in Ne in the northern genetic lineage at roughly
the same time as the split between the 2 groups (ca. 70,000 y ago,
Fig. 3A). This severe population bottleneck in the northern ge-
netic lineage suggests that regions north of the Sahara were
populated by only a few migrants from the southern lineage at
some point in the Late Pleistocene (1, 9, 14).
However, a closer inspection of the divergence within modern
lions revealed that a phylogenetic tree such as the one in Fig. 1B
does not capture the full complexity of their evolutionary history.
For instance, while the Central African lions in our dataset be-
long to the southern lineage (Fig. 1B), they consistently show
more recent split times to northern lions than the rest of
southern populations (SI Appendix, Table S3 and Fig. S9). This is
concordant with the mixed affiliation of Central African lions in
the autosomal and mtDNA phylogenies (Fig. 1B and SI Appen-
dix, Fig. S1), and strongly suggests that Central African lions
carry substantial amounts of both northern and southern an-
cestry. In fact, a recent study using whole-genome data has
suggested that Central African lions belong to the northern
clade, further highlighting the complex phylogenetic position of
this population (26).
To test for evidence of admixture, we computed D-statistics
among all modern lion populations and integrated the observed
signals into a single historical model using qpGraph (27). These
results support the hypothesis that Central African lions share
significantly more alleles with Asiatic lions than Eastern and
Southern African populations do (|Z| > 5; SI Appendix, Fig. S10),
and harbor an estimated 23% of northern-related ancestry
(Fig. 3B; 22.96 ± 0.17% SI Appendix, section 10). In addition, we
found that West African lions share more alleles with the
southern lineage than North African lions do (|Z| > 5; SI Ap-
pendix, Fig. S11), and that ca. 11.4% of their genome is com-
posed by southern-related ancestry (Fig. 3B; 11.38 ± 0.14% SI
Appendix, section 10). This gene flow among populations is il-
lustrated by one of the Senegalese lions, which carries a large
amount of “southern alleles,” and probably had an ancestor with
mixed ancestry in the recent past (SI Appendix, Fig. S11). Alto-
gether, these signals support a scenario in which west-central
Africa was a “melting pot” of lion ancestries, where the south-
ern and northern lion lineages plausibly overlapped and admixed
after their earlier isolation ∼70,000 y ago.
Interestingly, we also detected a greater extent of allele
sharing between Asiatic lions and the southern lineage compared
to North African lions (|Z| > 5; SI Appendix, Fig. S12), with as
much as 18.5% of the Asiatic lions ancestry coming from a
southern population (Fig. 3B; 18.56 ± 0.13% SI Appendix, sec-
tion 10). This finding is surprising given the current large geo-
graphic distance between these populations. However, migration
corridors between Sub-Saharan African and the Near East may
have existed in the past, for instance through the Nile basin in
the early Holocene (12). Under this hypothesis, we speculate
that North African lions were isolated from such secondary
contact with southern populations due to the significant geo-
graphical barriers represented by the Atlas Mountains and the
Sahara desert. Another (nonexclusive) possibility that could
mirror the effect of gene flow between Asiatic lions and the
southern lineage could be admixture between North African
lions and an extinct “ghost” lion population. However, further
sampling of North African lions would be required to compre-
hensively test this hypothesis.
Inbreeding in Lions. Our sampling scheme allowed us to explore
how lion genetic diversity has changed through time and space, a
particularly powerful approach to characterize population his-
tories and quantify genetic threats in endangered species (28).
To do so, we estimated autosomal heterozygosity and produced
diploid genotypes for the 16 lions with a depth of sequencing
coverage above fourfold (SI Appendix, Table S1). In order to
avoid biases due to postmortem DNA damage (29, 30) (SI Ap-
pendix, Fig. S3), we restricted the heterozygosity calculation to
transversions, a strategy that accurately recapitulates the un-
derlying diversity using all polymorphisms (SI Appendix, Fig.
S16). To identify runs of homozygosity (ROHs), we also scanned
the genomes of the 16 individuals in sequence windows of 500
kbp with a slide of 200 kbp, and devised a method to collapse
neighboring autozygous segments into continuous ROHs (SI
Appendix, Fig. S14 and section 11).
The average autosomal heterozygosity of the Siberian cave
lion was within the range observed in modern lions (SI Appendix,
Fig. S8). The proportion of genome sequence in ROHs was
among the lowest seen in our dataset (9.6%; Fig. 4B and SI
Appendix, Table S7). These results are perhaps surprising, given
that previous studies based on mtDNA suggested that there was
a strong population bottleneck in cave lions between 47,000 and
18,000 y ago (6, 7), a time interval encompassing the age of our
Siberian specimen (30,870 ± 240 y; SI Appendix, Table S1).
Nonetheless, previous studies (6, 7) may have underestimated
the amount of distinct cave lion lineages existing at that time,
something that could explain our findings if the Siberian cave
A
B
Fig. 4. (A) Heterozygosity in sequence windows of 500 kg-base pairs in a
Tanzanian (orange) and Indian (blue) modern lions across the domestic cat
assembly (all chromosomes are concatenated in the x axis). (B) Cumulative
proportion of the genome contained in ROH below the length displayed on
the x axis.
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lion sampled here belonged to a population that was not sub-
jected to strong population bottlenecks.
As expected from the results of our PSMC analyses of modern
lions (Fig. 3A), we found that the mean autosomal heterozygosity
per base pair in the southern lineage (7.8 to 11.6 × 10−4; SI
Appendix, Table S7) is higher than in the northern lineage (0.7 to
7.5 × 10−4; SI Appendix, Table S7), with the exception of the
admixed Senegalese lion (12.6 × 10−4; SI Appendix, Table S7).
Similarly, the northern populations carry more, and on average
longer, ROHs than the southern populations (SI Appendix, Table
S7), although lions born in captivity were an exception in that
they displayed hallmarks of recent inbreeding (excess of ROHs
of 10 to 100 mega base pairs in length, Fig. 4B). Altogether, this
is consistent with a population history of consecutive bottlenecks
in the northern lineage as their ancestors migrated away from Sub-
Saharan Africa and persisted in more isolated smaller populations.
In addition (and nonexclusively), smaller population sizes in
northern lions may also be due to sustained anthropogenic
pressure, as there is evidence of a possible correlation between
the level of inbreeding and the temporal extent of range overlap
with large human civilizations (e.g., Indus Valley and Meso-
potamia in Asia; ancient Egypt and the Greco-Roman empires in
North Africa). Moreover, microsatellite data have indicated that
genetic diversity of lions in some countries in southern Africa has
significantly decreased over the 20th century, coinciding with the
rise of a European colonial presence (31). Indeed, our genome-
wide data also suggested recent increases in rates of inbreeding
in the southern lineage (SI Appendix, Fig. S15). The four present-
day wild-born individuals had on average a 49% increased
fraction of the genome in homozygosity compared with the three
historical samples (SI Appendix, Table S7). Nonetheless, these
results must be interpreted with caution, since the historical
specimens sampled here may not be direct ancestors of the
contemporary individuals, and the number of samples analyzed
here are too low to confidently rule out that elevated sampling
numbers may affect the observations.
As expected given previous studies (32–34), the most extreme
reduction of genomic diversity was found in present-day Indian
lions, which had a 16-fold reduction in heterozygosity compared
to lions in southern Africa (Fig. 4A). In contrast, it appears that
lions in North Africa maintained a heterozygosity comparable to
the present-day southern lions even within ca. 100 y from their
extinction. We found that ca. 90% of the Indian lion genomes
fall in ROHs, with a considerable amount of homozygous tracts
extending for more than 50 mega base pairs (Fig. 4B). Further-
more, both Indian lions are nearly identical, differing at fewer
than three sites every 10 kg base pairs. This remarkable absence
of genomic diversity in Indian lions is consistent with their
recorded strong population decline after the 18th century, mostly
mediated by the advance of agriculture, the increased use of fire-
arms, and other familiar companions of human population (4).
These factors brought the Indian lion population nearly to
extinction, with individual counts as low as 20 in the Kathiawar
Peninsula by the beginning of the 20th century (35). In-
terestingly, the historical Asiatic lion genome shows higher het-
erozygosity (53% of the genome in ROHs, Pleo_Asia in Fig. 4B),
and ROHs tend to be shorter than those found in present-day
Indian lions (SI Appendix, Table S7), consistent with older
population bottlenecks around 1,000 to 4,000 y ago (34). It is
tempting to speculate that our historical sample predates the
extreme bottleneck suffered by Asiatic lions by the beginning of
the 20th century. However, as no accurate geographical in-
formation exists for the origin of this museum sample, inter-
pretations about the timing and place of the lion population decline
in Asia remain elusive until further sampling is performed.
Similar footprints of extensive inbreeding have been reported
in isolated carnivore populations (36, 37). Inbreeding depression
can compromise the survivability of populations through an
increase of strongly deleterious mutations in homozygosity (38).
To test whether small population size and inbreeding have led to
an accumulation of deleterious mutations in Indian lions, we
assessed the effects of DNA sequence variants using SIFT (The
Sorting Tolerant From Intolerant algorithm) (39), which esti-
mates whether missense mutations are likely to be damaging by
assessing evolutionary constraint in homologous protein align-
ments. We found that Indian lions carry on average 12.7% more
deleterious mutations in homozygosity (SI Appendix, Fig. S17
and Table S8), implying a substantial genetic load, particularly if
deleterious variants are recessive. These findings are consistent
with reports of reduced sperm mobility, low levels of testosterone,
and cranial defects in Indian lions due to extensive inbreeding (33).
Additionally, to more directly assess the efficacy of selection,
we examined the ratio of homozygosity between missense dele-
terious mutations and synonymous mutations. This ratio is pre-
dicted to be elevated in small populations, since deleterious
alleles can increase in frequency under strong drift and weak-
ened selection (40). Indeed, we found that this ratio is signifi-
cantly higher in Indian lions than in African lions (SI Appendix,
Fig. S18), consistent with a relaxed efficacy of selection.
Implications for Conservation. Historically, up to 11 subspecies of
modern lions have been recognized (41). In 2017, the number
was reduced to two in light of the results of molecular studies
(42): 1) P. leo; in Asia, West Africa, and Central Africa and 2) P.
leo melanochaita; in East and South Africa. Here, we show that
although Central African lions cluster with P. leo leo in mtDNA-
based phylogenies (SI Appendix, Fig. S1), their genome-wide
ancestry shows higher affinity with P. leo melanochaita (Fig. 1B
and SI Appendix, Fig. S19). Therefore, our results suggest that
the taxonomic position of Central African lions may require
revision. We caution, however, that our data are based on
genome-wide data from a single wild-born Central African lion
(SI Appendix, Table S1), and a recent study using whole-genome
and microsatellite data suggests that Central African lions from
the Democratic Republic of Congo (DRC) and Cameroon
preferentially cluster with P. leo leo (26). In addition, gene flow
in Central and West Africa may have been common in the past
(Fig. 3B): both lineages probably lived in sympatry for long pe-
riods of time and their genetic divergence is not high. In any
case, further studies should increase sampling from West and
Central Africa to fully resolve this issue.
Our results also provide insights into the now extirpated Cape
and Barbary lion populations, both of which have been argued to
represent distinct groups. Based on its morphology (the big black
mane of males) the Cape lion was considered a unique lion
population/subspecies exclusively found in the southern part of
the Republic of South Africa (43). However, more recently (44),
evidence based on mtDNA data suggested that the Cape lion
might not have been phylogenetically unique. Our genome-wide
data support this finding, and place Cape lions within the genetic
diversity found in South African lions (Fig. 1A). In addition, the
restoration of the extinct North African Barbary lion has
attracted the attention of conservationists, both inside and out-
side North Africa (45). Although circumstantial evidence sug-
gested that North African lions could have survived in captivity,
the most likely descendants of wild Barbary lions from the
Moroccan Royal Menagerie have appeared to be of Central
African maternal descent (44). Studies based on mtDNA argued
that the North African lion could be restored using the most
closely related extant population, the Indian lions (14). However,
we show that, while Indian and North African lions are closely
related based on mtDNA (SI Appendix, Fig. S1), genome-wide
data reveal West African lions to be the most-closely related
lineage (Fig. 1B). Thus, we conclude that any scope for resto-
ration of the North African lion should consider the West Af-
rican as a better “donor” population than the Indian lion.
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Lastly, our results may be useful in light of conserving the
remaining wild lions. For example, in the context of Africa, we
hope that future studies may be able to build on to our data to
explore how diversity has changed in the populations through
time; for example, through quantifying genomic erosion (28).
Furthermore, they may be relevant to the Indian subcontinent,
where today lions are only found around the Gir Forest on the
Kathiawar Peninsula of Gujarat. First, consistent with previous
publications (34, 46), we found no evidence to support the recent
claim that the remaining population is not indigenous to the
region, but instead were introduced from outside of India (47) as
our Indian lions are clearly genetically distinct to the other
sampled populations (Fig. 1B). Secondly, although conservation
efforts are contributing to increasing population size after cen-
turies of decline, their remarkable lack of genomic diversity
suggests that they could be extremely susceptible to inbreeding
depression and genetic erosion, as well as future pathogen out-
breaks. Given that our data indicate they diverged from other
extant populations in the northern lion clade ca. 30,000 y ago (SI
Appendix, Fig. S9), one future action to consider would be
boosting their genetic diversity through outbreeding with such
lions. However, in this regard, we are fully aware that this
strategy would be both politically challenging, and, in light of
recent observations on the effect of genetic introductions in the
Isle Royale wolves (37), not guaranteed to be beneficial, so such
decisions should not be taken lightly.
Materials and Methods
Summary of Methods. We generated a resequenced genomic dataset using
Illumina and BGISeq sequencing technology, that included 2 extinct Pleis-
tocene cave lions, 12 lions from historically extinct populations in Africa and
the Middle East, and 6 modern lions from Africa and India. All historic and
ancient DNA manipulation was performed in a dedicated ancient DNA
laboratory at the University of Copenhagen. The age of both cave lion
samples was determined through radiocarbon dating. Post sequencing, the
resequenced data were initially processed using established protocols for
ancient DNA data, including sequence trimming,mapping to the domestic cat
(felCat8) and lion reference genomes (NCBI Bioproject PRJNA615082, ac-
cession JAAVKH000000000) (48), assessment of ancient DNA damage,
molecular sexing of the individuals, and calling of polymorphisms. The
processed dataset was then used to explore phylogenetic relationships using
both the nuclear and mtDNA components of the dataset, as well as analyze
population structure, population split times, explore for geneflow between
the modern and cave lions, assess inbreeding levels and genetic load, and
generate local genealogies. Full methodological details are provided in the
SI Appendix.
Data Availability. The sequencing data for all resequenced specimens is
available from the Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.
gov/sra) as BioProject PRJNA611920 (49). The lion reference genome against
which this data was mapped (BioProject PRJNA615082) is available from
NCBI GenBank as accession no. JAAVKH000000000 (48). The accession
numbers for all of the data are listed in SI Appendix, Table S1.
ACKNOWLEDGMENTS. We thank C. Claude, W. Cotteril, J. Cuisin,
D. Drinkrow, B. Fernholm, O. Grönwall, D. Hills, P. Jenkins, F. Kigozi, F. Renoud,
D. Robineau, R. Sabin, L. Tomsett, M. Tranier, G. Watson, L. Werdelin, and
V. Ziswiler for access to historic and ancient samples, and M. Roelke, C. and H,
Winterbach, and Sakkarbaug Zoo for the modern lion samples. The fossil cave
lion YG 401.410 specimen was collected at a gold mine on Quartz Creek,
Yukon, thanks to the efforts of Matthias Stiller, Duane Froese, and Tyler Kuhn.
We thank mine site owners the Schmidt family for their support and access to
the site. We also appreciate the work of Elizabeth Hall and Susan Hewitson on
the Yukon Palaeontology field program and fossil collections. Thanks to Tom
Stafford Jr and Stafford Research LLC for radiocarbon dating and discussion.
We thank Jean-Marie Rouillard of Arbor Bioscience for technical guidance in
the design of target-enrichment baits used during pilot studies prior to start-
ing this project. Portions of this manuscript were prepared while W.E.J. held a
National Research Council Research Associateship Award at the Walter Reed
Army Institute of Research (WRAIR). The material has been reviewed byWRAIR
and there is no objection to its presentation and/or publication. The opinions
or assertions contained herein are the private views of the authors, and are
not to be construed as official, or as reflecting true views of the Department of
the Army or the Department of Defense. S.J.O, was supported, in part, by St.
Petersburg State University (Genome Russia Grant no. 1.52.1647.2016). T.M.-B.
is supported by funding from BFU2017-86471-P (MINECO/FEDER, UE), Howard
Hughes International Early Career, Obra Social “La Caixa” and Secretaria
d’Universitats i Recerca and Centres de Recerca de Catalunya (CERCA) Pro-
gramme del Departament d’Economia i Coneixement de la Generalitat de
Catalunya (GRC 2017 SGR 880). We also acknowledge European Research
Council (ERC) Consolidator Award 681396-Extinction Genomics to M.T.P.G.
and Marie-Sklodowska Curie Fellowship 298820 “SIMBA” to R.B. for their
generous funding.
1. N. Yamaguchi, A. Cooper, L. Werdelin, D. W. Macdonald, Evolution of the mane and
group-living in the lion (Panthera leo): A review. J. Zool. 263, 329–342 (2004).
2. A. J. Stuart, A. M. Lister, Extinction chronology of the cave lion Panthera spelaea.
Quat. Sci. Rev. 30, 2329–2340 (2011).
3. R. Barnett, N. Yamaguchi, B. Shapiro, V. Nijman, Using ancient DNA techniques to
identify the origin of unprovenanced museum specimens, as illustrated by the iden-
tification of a 19th century lion from Amsterdam. Contrib. Zool. 76, 87–94 (2007).
4. A. E. Schnitzler, Past and present distribution of the North African-Asian lion sub-
group: A review. Mammal Rev. 41, 220–243 (2011).
5. J. Burger et al., Molecular phylogeny of the extinct cave lion Panthera leo spelaea.
Mol. Phylogenet. Evol. 30, 841–849 (2004).
6. R. Barnett et al., Phylogeography of lions (Panthera leo ssp.) reveals three distinct
taxa and a late Pleistocene reduction in genetic diversity. Mol. Ecol. 18, 1668–1677
(2009).
7. E. Ersmark et al., Population demography and genetic diversity in the Pleistocene cave
lion. Open Quat. 1, 4 (2015).
8. R. Barnett et al., Mitogenomics of the extinct cave lion, Panthera spelaea (Goldfuss,
1810), resolve its position within the Panthera cats. Open Quat. 2, 1–11 (2016).
9. A. Antunes et al., The evolutionary dynamics of the lion Panthera leo revealed by host
and viral population genomics. PLoS Genet. 4, e1000251 (2008).
10. L. D. Bertola et al., Autosomal and mtDNA markers affirm the distinctiveness of lions
in West and Central Africa. PLoS One 10, e0137975 (2015).
11. Y. S. Cho et al., The tiger genome and comparative analysis with lion and snow
leopard genomes. Nat. Commun. 4, 2433 (2013).
12. R. Barnett, N. Yamaguchi, I. Barnes, A. Cooper, The origin, current diversity and future
conservation of the modern lion (Panthera leo). Proc. Biol. Sci. 273, 2119–2125 (2006).
13. S. Bruche et al., A genetically distinct lion (Panthera leo) population from Ethiopia.
Eur. J. Wildl. Res. 59, 215–225 (2013).
14. R. Barnett et al., Revealing the maternal demographic history of Panthera leo using
ancient DNA and a spatially explicit genealogical analysis. BMC Evol. Biol. 14, 70
(2014).
15. G. Li, H. V. Figueiró, E. Eizirik, W. J. Murphy, Recombination-aware phylogenomics
reveals the structured genomic landscape of hybridizing cat species. Mol. Biol. Evol.
36, 2111–2126 (2019).
16. E. Eizirik et al., Phylogeography, population history and conservation genetics of
jaguars (Panthera onca, Mammalia, Felidae). Mol. Ecol. 10, 65–79 (2001).
17. R. E. Green et al., A draft sequence of the Neandertal genome. Science 328, 710–722
(2010).
18. H. Li, R. Durbin, Inference of human population history from individual whole-
genome sequences. Nature 475, 493–496 (2011).
19. S. A. Black, A. Fellous, N. Yamaguchi, D. L. Roberts, Examining the extinction of the
Barbary lion and its implications for felid conservation. PLoS One 8, e60174 (2013).
20. B. Kurtén, Pleistocene Mammals of Europe, (Aldine, Chicago, IL, 1968).
21. D. Reich, K. Thangaraj, N. Patterson, A. L. Price, L. Singh, Reconstructing Indian
population history. Nature 461, 489–494 (2009).
22. S. Gopalakrishnan et al., The wolf reference genome sequence (Canis lupus lupus) and
its implications for Canis spp. population genomics. BMC Genomics 18, 495 (2017).
23. T. Günther, C. Nettelblad, The presence and impact of reference bias on population
genomic studies of prehistoric human populations. PLoS Genet. 15, e1008302 (2019).
24. G. Li, B. W. Davis, E. Eizirik, W. J. Murphy, Phylogenomic evidence for ancient hy-
bridization in the genomes of living cats (Felidae). Genome Res. 26, 1–11 (2016).
25. H. V. Figueiró et al., Genome-wide signatures of complex introgression and adaptive
evolution in the big cats. Sci. Adv. 3, e1700299 (2017).
26. L. D. Bertola, et al, Whole genome sequencing and the application of a SNP panel
reveal primary evolutionary lineages and genomic diversity in the lion (Panthera leo).
https://doi.org/10.1101/81410. Accessed 22 October 2019.
27. N. Patterson et al., Ancient admixture in human history. Genetics 192, 1065–1093
(2012).
28. D. Díez-Del-Molino, F. Sánchez-Barreiro, I. Barnes, M. T. P. Gilbert, L. Dalén, Quanti-
fying temporal genomic erosion in endangered species. Trends Ecol. Evol. (2017).
29. S. Pääbo, Ancient DNA: Extraction, characterization, molecular cloning, and enzy-
matic amplification. Proc. Natl. Acad. Sci. U.S.A. 86, 1939–1943 (1989).
30. T. Lindahl, Instability and decay of the primary structure of DNA. Nature 362, 709–715
(1993).
31. S. G. Dures et al., A century of decline: Loss of genetic diversity in a southern African
lion‐conservation stronghold. Divers. Distrib. 25, 870–879 (2019).
32. S. J. O’Brien et al., Biochemical genetic variation in geographic isolates of African and
Asiatic lions. Natl. Geogr. Res. 3, 114–124 (1987).
de Manuel et al. PNAS | May 19, 2020 | vol. 117 | no. 20 | 10933
G
EN
ET
IC
S
D
ow
nl
oa
de
d 
by
 g
ue
st
 o
n 
Au
gu
st
 1
8,
 2
02
0 
33. D. E. Wildt et al., Reproductive and genetic consequences of founding isolated lion
populations. Nature 329, 328–331 (1987).
34. C. A. Driscoll, M. Menotti-Raymond, G. Nelson, D. Goldstein, S. J. O’Brien, Genomic
microsatellites as evolutionary chronometers: A test in wild cats. Genome Res. 12,
414–423 (2002).
35. S. J. O’Brien et al., Evidence for African origins of founders of the asiatic lion species
survival plan. Zoo Biol. 6, 99–116 (1987).
36. J. A. Robinson et al., Genomic flatlining in the endangered Island fox. Curr. Biol. 26,
1183–1189 (2016).
37. J. A. Robinson, et al., Genomic signatures of extensive inbreeding in Isle Royale
wolves, a population on the threshold of extinction. Sci. Adv. 5, eaau0757 (2019).
38. D. Charlesworth, J. H. Willis, The genetics of inbreeding depression. Nat. Rev. Genet.
10, 783–796 (2009).
39. P. Kumar, S. Henikoff, P. C. Ng, Predicting the effects of coding non-synonymous variants
on protein function using the SIFT algorithm. Nat. Protoc. 4, 1073–1081 (2009).
40. K. E. Lohmueller et al., Proportionally more deleterious genetic variation in European
than in African populations. Nature 451, 994–997 (2008).
41. G. R. Seamons, Mammal Species of the World: A Taxonomic and Geographic Refer-
ence, (Johns Hopkins University Press, Baltimore, 3rd Ed., 2006), Vol. 20, pp. 41–42.
42. A. C. Kitchener, et al, A revised taxonomy of the Felidae. Cat News, 80, Winter (2017).
43. V. Mazák, Notes on the Black-maned Lion of the Cape, Panthera Leo Melanochaita
(Ch. H. Smith, 1842) and a Revised List of the Preserved Specimens, (N. V. Noord-
Hollandsche Uitgevers-Maatschappij, Amsterdam, 1975).
44. R. Barnett, N. Yamaguchi, I. Barnes, A. Cooper, Lost populations and preserving ge-
netic diversity in the lion Panthera leo: Implications for its ex situ conservation.
Conserv. Genet. 7, 507–514 (2006).
45. N. Yamaguchi, B. Haddane, The North African Barbary lion and the Atlas lion project.
International Zoo News 48, 465–481 (2002).
46. S. J. O’Brien, The “exotic aliens” controversy: A view from Afar. J. Bombay Nat. Hist.
Soc. 110, 108–113 (2013).
47. V. Thapar, R. Thapar, Y. Ansari, Exotic Aliens: The Lion & The Cheetah in India, (Aleph
Book Company, New Delhi, 2013).
48. J. Zheng, A draft genome assembly of Pathera leo. GenBank. https://www.ncbi.nlm.
nih.gov/nuccore/JAAVKH000000000. Deposited 15 April 2020.
49. M. de Manuel et al, The evolutionary history of extinct and living lions. Sequence
Read Archive (SRA). https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA611920. Deposited
11 March 2020.
10934 | www.pnas.org/cgi/doi/10.1073/pnas.1919423117 de Manuel et al.
D
ow
nl
oa
de
d 
by
 g
ue
st
 o
n 
Au
gu
st
 1
8,
 2
02
0 
